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Abstract: Oxoiron(lV) motifs are found in important intermediates in many enzymatic
cycles that involve oxidations. Over half of the reported synthetic nonheme oxoiron(IV)
analogs incorporate heterocyclic donors, with a majority of them comprising pyridines.
Herein we report an "H-NMR study of oxoiron(IV) complexes containing pyridines that
are arranged in different configurations relative to the Fe=0O unit and give rise to
paramagnetically shifted resonances that differ by as much as 50 ppm. The strong
dependence of "H-NMR shifts on the different configurations and orientation of pyridines
relative to the oxoiron(lV) unit demonstrates how unpaired electronic spin density of the

iron center affects the chemical shifts of these protons.




Oxoiron(lV) intermediates involved in oxygen activation have been trapped as reactive
species in many mononuclear nonheme iron enzymes.'® In attempts to model these
intermediates, bioinorganic chemists have to date identified over 90 nonheme iron
oxoiron(IV) complexes supported by various polydentate ligand frameworks, and crystal
structures of thirteen of these complexes have been solved.”® Most of these
crystallographically characterized complexes are supported by ligands based on the
macrocyclic TMC (six, TMC = 1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane)'%-'* framework or on the pentadentate N4Py (four, N4Py =
1,1-di(pyridin-2-yl)-N,N-bis(pyridin-2-ylmethyl)-methanamine) ligand and its variants.'5-17
These structures provide a reservoir of information with which to understand the

spectroscopic and reactivity properties of the Fe'V=0 unit.

"H-NMR spectroscopy is a potentially useful probe of the electronic structures and
geometries of paramagnetic complexes'-1°® but has not been applied extensively to
investigation of this interesting family of complexes, except for a few reports. In 2005,
Klinker et al. reported the first use of 'H-NMR spectroscopy to characterize the
nonheme oxoiron(IV) complex [Fe'V(O)(N4Py)]?* (1).'5 N4Py is a pentadentate N5 ligand
based on a tertiary amine to which are connected two 2-pyridylmethyl arms that provide
a pair of pyridine donors and a bis(2-pyridyl)methyl arm that provides a second pair of
pyridine donors. Together, these pyridines can bind to an Fe=0 unit to form a 4-pyridine
equatorial plane with the tertiary amine trans to the oxo atom. The crystal structure of 1,
in fact, confirms this expected binding configuration, and the two pyridines in each pair
are related to each other by a mirror plane of symmetry. Over half of the oxoiron(IV)
complexes reported since then incorporate heterocycles into their ligand frameworks,
and the maijority of those heterocycles are pyridines. In this paper, we survey 'H-NMR
properties of nonheme oxoiron(lV) complexes with pyridine ligands and find a
correlation between the paramagnetically shifted pyridine protons observed with the
torsion angles between the pyridine ring and the Fe=0O unit. (See Scheme 1 for

schematic structures of the oxoiron(1V) complexes studied.)
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Scheme 1 Schematic structures of the Fe'V(O) complexes in this study.

Experimental Section:

All chemicals were purchased either from Sigma Aldrich, Alfa Aesar or TCl Chemicals.
Deuterated solvents were used without purification. Elemental analyses were carried
out by Atlantic Microlab (Norcross, GA). The syntheses of ligands, iron(ll) and iron(lV)

complexes are detailed below.
Syntheses of ligands:

The precursors bis(2-pyridyl)/methylamine?® and 5-methyl-2-pyridylmethyl chloride
hydrochloride?' to the ligand 5Me2N4Py??2 and 5MeBnTPEN were synthesized according
to a reported methods. The ligands Py5Mez2,%3-?* N4Py?%, BnTPEN?®, 5MeBnTPEN"® and

TMC-py'"- 27 were synthesized according to reported procedures.



5Me2N4Py (N,N-bis((5-methyl-2-pyridinyl)methyl)-1,1-di(2-pyridinyl)methanamine)
5-Methyl-2-pyridylmethyl chloride hydrochloride (1.61 g, 9.1 mmol) was dissolved in
water and neutralized with an equimolar amount of 5 M NaOH. The solution was added
to a solution of bis(2-pyridyl)methylamine (0.84 g, 4.54 mmol) in CH2Cl2 (1 mL) cooled
to 0 °C. Additional 5 M NaOH (3 mL) was added and the solution was stirred at room
temperature under argon for 48 hours. The solution was extracted with dichloromethane
(3 x 20 mL) and the organics were combined, dried over Na2SOs4, and concentrated to
yield 5Me2N4Py as a red oil (1.7 g, 95% yield).

Syntheses of iron(ll) complexes:

The iron(ll) precursors supported by ligands Py5Me2,2> N4Py,2> BnTPEN,?®, and TMC-

py'"- 27 were prepared according to reported procedures.

[Fe(5Me2N4Py)(NCCH3)](ClO4)2 A solution of 5Me2N4Py (1.7 g, 4.3 mmol) in
dichloromethane (5 mL) was added slowly to a solution of Fe(ClO4)2:xH20 (1.09 g, 4.3
mmol) in CH3CN (2 mL). The deep red solution was stirred for an additional 2 hours.
Addition of ethyl acetate crashed out an orange-red powder. The powder was
recrystallized from MeCN/ether to give orange-red crystals. Anal. Calcd. For
Fe'(5Me2N4Py)(NCCH3)(ClOa)2, C27H28Cl2FeNsOs: C, 46.91; H, 4.08; N, 12.16. Found:
C,46.32; H, 4.08; N, 12.01.

Syntheses of oxoiron(lV) complexes:

Most iron(IV) complexes were synthesized as reported. The synthetic procedures for 1-

5Me and 5 are described below.

[FeV(0)(5Me2N4Py)](Cl04)2 (1-5Me) NaClO4 (140 mg, 1.14 mmol) and ceric
ammonium nitrate (CAN) (125 mg, 0.23 mmol) were dissolved in 2 mL water to give a
yellow solution. This mixture was then transferred to a solution of
[Fe'(5Me2N4Py)(MeCN)](ClO4)2 (45 mg, 0.065 mmol) in 1 mL acetonitrile to yield a blue
solution. Slow evaporation of acetonitrile at 2-5 °C over the course of 2 days formed
blue crystals suitable for X-ray diffraction, which were filtered, washed with 1 mL of

water, and dried on a sintered frit for 2 hours (30 mg, 69%). Anal. calcd. for



[Fe'V(O)(5Me2N4Py)](ClO4)2¢[0.5 H20+0.5 MeCN] or C26H275Cl2FeNs5095: C, 44.88; H,
3.98; N, 11.07. Found: C, 45.04; H, 3.81; N, 11.04.

[FeV(O)(Py5Me2)](OTf)2 (5) The complex was synthesized following the reported

method.23

Our attempts to get a crystal structure of 5 as a triflate or perchlorate salt did not afford
crystalline solids suitable for X-ray diffraction. In order to obtain diffraction quality
crystals, a small amount of the iron(ll) precursor (10 mg, 0.012 mmol) was dissolved in
about 0.25 mL of MeCN, and 5 equiv. ceric ammonium nitrate (33 mg 0.06 mmol) in
0.75 mL of water was added as a solution. The solution was kept at 2-5 °C and afforded
micro-crystalline solids suitable for X-ray diffraction after 8 h, with [Ce(NO3)s]* as the

counterion.
"H-NMR Spectroscopy:

"H-NMR spectra were recorded on a Bruker 400 MHz spectrometer at 298 K unless
otherwise stated, with reported "H-NMR chemical shifts (6 [ppm]) referenced to residual
solvent peaks. 8" Wilmad-LabGlass 528-PP-7-5 NMR tubes were used to collect NMR
spectra for iron(IV) complexes. If a lower temperature was used to collect any data, the
NMR instrument’s probe temperature was calibrated using a sealed NMR tube
containing a solution of tetramethylsilane (TMS) and methanol as a standard. The
following parameters were used to acquire the 'H-NMR data for paramagnetic
compounds: Acquisition time = 0.064 s; relaxation delay = 0.03 s; sweep width = 400
ppm offset (centered) at 6 ppm; line broadening factor = 10-30 Hz. The 'H-NMR spectra
obtained were processed either using the NMR processing software MestReNova 12.0

or through Bruker’'s Top-Spin 3.5pl7.
Crystallographic details:
[FeV(O)(5Me2N4Py)](Cl04)2 (1-5Me)

A crystal (approximate dimensions 0.200 x 0.200 x 0.050 mm) was placed onto the tip
of a 0.5 mm MiTeGen loop and mounted on a Bruker Photon-Il CMOS diffractometer for

a data collection at 100(2) K.2° A preliminary set of cell constants was calculated from



reflections harvested from three sets of 12 frames. These initial sets of frames were
oriented such that orthogonal wedges of reciprocal space were surveyed. This
produced initial orientation matrices determined from 298 reflections. The data
collection was carried out using Moka radiation (graphite monochromator) with a frame
time of 40 seconds and a detector distance of 5.0 cm. A randomly oriented region of
reciprocal space was surveyed to the extent of one sphere and to a resolution of 0.77 A.
Six major sections of frames were collected with 1° steps in w at four different f settings
and a detector position of -28° in 2q. The intensity data were corrected for absorption
and decay.%° Final cell constants were calculated from the xyz centroids of 3538 strong
reflections from the actual data collection after integration.?' Please refer to the table in
S| for additional crystal and refinement information. The structure was solved using
SHELXT 2014/5 (Sheldrick 2008)3%2 and refined using SHELXL-2018/3 (Sheldrick,
2018).3% The space group lbam was determined based on systematic absences and
intensity statistics. A direct-methods solution was calculated which provided most non-
hydrogen atoms from the E-map. Full-matrix least squares / difference Fourier cycles
were performed which located the remaining non-hydrogen atoms. All non-hydrogen
atoms were refined with anisotropic displacement parameters. All hydrogen atoms
were placed in ideal positions and refined as riding atoms with relative isotropic
displacement parameters. The final full matrix least squares refinement converged to
R1 = 0.0495 and wR2 = 0.1754 (F2, all data). The asymmetric unit consists of the iron
cation atoms Fe1, O1, and N1 lying on a crystallographic mirror plane. Additionally,
within the asymmetric unit are three perchlorate anions lying on special positions. One
perchlorate lies on a crystallographic 222 special position with a 0.25 occupancy.
Another perchlorate anion is modeled over two positions (49:51) and lies along a
crystallographic n-glide perpendicular to ¢ and b-glide perpendicular to a. The oxygen
atoms were refined in two parts of the same occupancy. Enhanced rigid-bond restrains
were applied to the central chlorine Cl4 and its bound oxygen atoms O2, O3, O4, and
O5. A third perchlorate anion was found on the same crystallographic mirror that bisects
the iron cation, which caused severe disorder. The oxygen atoms are modeled over two
positions (25:75) and enhanced rigid-bond restraints were applied to the perchlorate

anion and thermal restraints were applied to two pairs of oxygen atoms to handle



correlation problems. Additionally, an acetonitrile was found in the asymmetric unit in
0.5 occupancy. The methyl group of the acetonitrile was found to be disordered due to
the entire fragment being on the crystallographic mirror plane that bisects the iron
cation. Thus, the full formula contains one iron cation, two perchlorate anions, and one

acetonitrile solvent molecule.
[Fe'V(O)(Py5Me2)][Ce(NO3)s]

A crystal (approximate dimensions 0.100 x 0.050 x 0.030 mm) was placed onto the tip
of a 0.5 mm MiTeGen loop and mounted on a Bruker Photon-lIl CMOS diffractometer for
a data collection at 100(2) K.2° A preliminary set of cell constants was calculated from
reflections harvested from three sets of 12 frames. These initial sets of frames were
oriented such that orthogonal wedges of reciprocal space were surveyed. This
produced initial orientation matrices determined from 146 reflections. The data
collection was carried out using Moka radiation (graphite monochromator) with a frame
time of 10 seconds and a detector distance of 6.0 cm. A randomly oriented region of
reciprocal space was surveyed to the extent of one sphere and to a resolution of 0.84 A.
Four maijor sections of frames were collected with 0.30° steps in w at four different ¢
settings and a detector position of -28° in 26. The intensity data were corrected for
absorption and decay.?® Final cell constants were calculated from the xyz centroids of
9975 strong reflections from the actual data collection after integration.?' Please refer to
the table in Sl for additional crystal and refinement information. The structure was
solved using SHELXS-97 (Sheldrick 2008)% and refined using SHELXL-2018/3
(Sheldrick, 2018).3% The space group P-1 was determined based on systematic
absences and intensity statistics. A direct-methods solution was calculated which
provided most non-hydrogen atoms from the E-map. Full-matrix least squares /
difference Fourier cycles were performed which located the remaining non-hydrogen
atoms. All non-hydrogen atoms were refined with anisotropic displacement parameters.
The [Ce(NOs)s]* dianion was located at an inversion center, and one-half of its unique
structure was disordered. This disorder was modeled using the SAME thermal
displacement for the nitrate oxygen atoms that were disordered by a 90° rotation. All

hydrogen atoms were placed in ideal positions and refined as riding atoms with relative



isotropic displacement parameters. The final full matrix least squares refinement
converged to R1 =0.0317 and wR2 = 0.0606 (F2, all data).

Details for calculating "H-NMR shifts

We optimized the structures of complexes 1, 3 and 5 in Gaussian 16 (Rev. B01)34 with
modified B3LYP (labeled as B3LYP* in the following) functionals
(lop(3/76=1000001500) lop(3/77=0720008000) lop(3/78=0810010000)), a 6-31G(d’,p’)
basis set and a built-in acetonitrile solvation model (scrf=(solvent=acetonitrile)). To
obtain a more precise result, we ran the optimization with a small step size
(opt=maxstep=10), while the default value of maxstep was 30. Then we performed "H-
NMR shift calculations by using the same functional but with a Dunning correlation-

consistency basis set cc-pVTZ.

The calculations were carried out by following the protocols described by Bagno and
coworkers.3%-3 Geometries were optimized starting from X-ray structures (when
available) or from pre-optimized structures obtained by the MM2 force-field method
(when the XRD structure is not available, for example for complex 3). All the
optimizations were performed at the B3LYP*/6-31G(d’,p’) level. Final energies and NMR
parameters were computed with the B3LYP*/cc-pVTZ level.?® All calculations were

carried out with Gaussian 16.34
The calculated "H-NMR shifts were determined by the following formula:'® 40
0= O-ref - (aorb + Ofc + O-PC)

where agrer = 31.02 ppm for TMS was obtained at the same theoretical level as those for
the Fe(IV) complexes included in this study. oo is the orbital contribution to the proton,
which is equivalent to the shielding for diamagnetic systems. The Fermi contact term,
orc, which originates from the scalar interaction between magnetic field from unpaired
electrons and the magnetic momentum of target proton, dominates the paramagnetic
component in the "H-NMR shift arising from the paramagnetic center. The Fermi contact

term can be calculated from Fermi’s hyperfine interaction parameters as the following:

_2m AS(S +1)
Opc = Vi YJisolp 3KT



in which yr is the magnetogyric ratio of the nucleus | and giso is the isotropic g factor of
the spin system, us is the Bohr magneton and A is the Fermi hyperfine interaction
parameter. The contribution from pseudo-contact term orc, can be approximated by the
theory developed by Hrobarik et al.#' Usually it is small and can be ignored compared
with orc. In this work we estimate the 'H-NMR shift only by the orbital term and Fermi-
contact term. All calculations were done at 298 K, the same temperature at which most

of the "TH-NMR measurements were performed in this work.

Results and Discussion

Complex 1

Complex 1 exhibits a well-resolved 'H-NMR spectrum with paramagnetically shifted
resonances that span over a range of 200 ppm, as first reported by Klinker et al.'® The
sharper features in this spectrum correspond to protons farthest away from the S = 1
Fe'V=0 center and can be identified on the basis of their relative signal intensities and
linewidths, methyl substitution experiments, and COSY cross peaks.’™ As expected,
there are two sets of signals derived from comparably intense 3, B’ and y protons on the
pyridine rings (Figure 1), with the y protons being sharper due to their greater distance
from the iron center. Interestingly, the signals of the B and B’ pyridine protons of one
pair (subset a) are observed at 44 and -17 ppm, corresponding to paramagnetic shifts
(Aparamagnetic) of +37 and —24 ppm relative to about 7 ppm chemical shift for the pyridine
B protons of the unmetalated N4Py ligand. The assignments for the B proton signals in
this set can be further confirmed by the 'H-NMR spectrum of the corresponding
[Fe'V(O)(5Me2N4Py)?* (1-5Me; 5Me2N4Py = N,N-bis((5-methylpyridin-2-yl)methyl)-1,1-
di(pyridin-2-yl)methan-amine) complex in Figure 1, where the signal for these protons
disappears when the B-H protons of this set of pyridines are replaced with methyl
groups. On the other hand, the signals for the 8 and B’ pyridine protons of the other pair
(subset b) are observed at 30 and —11 ppm, corresponding t0 Aparamagnetic Values of +23
and -18 ppm. Thus, the B and B’ protons of subset a exhibit paramagnetic shifts

respectively 60% and 30% larger than found for the 3 and B’ protons in subset b.



Clearly the pyridine B protons of the former pair sense a larger amount of unpaired spin

density than those in the latter pair.
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Figure 1 Top panel: "H-NMR spectra of 1 (top) and 1-5Me (bottom) in CD3CN at 298 K.
Inset from -5 to 10 ppm shows the 5-Me proton signals. # = residual solvent.

Other Complexes Based on Modifications of the N4Py Ligand

The 'H-NMR spectra of [Fe!V(O)(N2Py2B)]?* (2-B) (N2Py2B = N,N-bis((1-methyl-1H-
benzo[d]imidazol-2-yl)methyl)-1,1-di(pyridin-2-yl)methanamine) and
[FeV(O)(N2Py2Q)]** (2-Q) (N2Py2Q =  1,1-di(pyridin-2-yl)-N,N-bis(quinolin-2-
ylmethyl)methanamine) in acetonitrile at 298 K have also been recently reported. The
pyridine proton shifts in these complexes fall under subset b. In complex 2-B, the 3 and
B' proton signals are respectively found at 34 and -9.6 ppm, and they are distinct from
the signals of benzimidazole protons, which lie between 0-15 ppm and have been
discussed.*? Similarly, the B and B' proton signals are found respectively at 26 and
-11.7 ppm in 2-Q.*3

On the other hand, [Fe'V(O)((6'-ArF)2N4Py)J?* (1-6'ArF2; (6'-ArF)2N4Py = 1,1-bis(6-(2,6-
difluorophenyl)pyridin-2-yl)-N,N-bis(pyridin-2-ylmethyl)methanamine) is an N4Py
derivative in which the other pyridine pair has been modified by the introduction of a 2,6-
difluorophenyl substituent at the alpha positions of the two pyridines that are linked to
the tertiary amine via a common methine carbon.'® In this case, the "H-NMR spectrum

of the complex was reported at 253 K by the authors in the Supporting Information of
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their paper but not assigned. In comparing this 'H-NMR spectrum with those we
obtained for 1 and 1-5Me, we could confidently identify the B pyridine protons of the
unsubstituted pyridine donors to the peak at 48 ppm based on similarities in chemical
shift and linewidth, thereby assigning them as belonging to subset a. There are other
variants of complex 1 (like 1-5Me) for which "H-NMR spectra have been reported at 298
K. In one case the methine proton of the ligand framework is substituted with a methyl
group,** while in the other case pyridine ring protons are substituted by methyl and
methoxy groups.*> However these complexes have similar chemical shifts for B protons

as 1 and 1-5Me, so they are not extensively discussed in this work.

Also reported at 298 K are the "H-NMR spectra of the two [Fe'V(O)(N4Py)]?* variants in
which 6-methyl substituents have been introduced on the pyridines in subsets a or b.*5
47 These complexes are referred to as 1-6Me and 1-6'Me in this work. The signals for
the B protons in the unsubstituted pair of pyridines of these complexes have been
assigned based on comparisons of chemical shift and linewidth with those of the parent
complex 1 (Table 1). For 1-6Me the pyridine B-H signal for the unsubstituted pyridines
belonging to subset b is found at 25 ppm, while the B-H signal for the unsubstituted
pyridine belonging to subset a is found at 46 ppm for 1-6'Me, matching values found for
corresponding protons in 1. Further comparisons with the "H-NMR spectra of 1 and 1-
5Me allow us to tentatively assign the ya and B’a/f’v proton signals in 1-6Me and 1-6'Me
(Table 1) from their reported spectra.*®¢ The B’a and B’v signals in 1-6Me likely overlap
with each other at -12.4 ppm, based on the doubled intensity of this peak, but the B’a
and B’ signals in 1-6'Me are distinguishable at -17.2 and -8.6 ppm. The ya proton
signals are likely the sharp downfield shifted peaks at 10.6 and 10.3 ppm in the spectra
of 1-6Me and 1-6'Me.

Complexes 3 and 4

The "H-NMR spectrum of the related [Fe'V(O)(BnTPEN)]?* (3; BnTPEN = N-benzyl-
N,N,N-tris(pyridin-2-ylmethyl)ethane-1,2-diamine) complex (Figure 2) has been reported
previously and shows three different sets of pyridine proton signals in a 1:1:1 ratio that
were assigned using methyl substitutions and COSY methods.'> Two of the pyridines

exhibit B protons with 'H-NMR shifts of 43 and 40 ppm, comparable to the more

11



downfield shifted pair in 1, but there is a difference in shifts because ring a is trans to a
pyridine, while ring a' is trans to a tertiary amine. Intriguingly the B proton signal of the
third pyridine (ring c) is found in the upfield region with a chemical shift of -0.3 ppm,
representing an 8-ppm Aparamagnetic Shift relative to the free ligand. This paramagnetic
shift is much smaller than found for the 3 protons in rings a and a’ and opposite in sign.
This B proton signal assignment is further confirmed by the 'H-NMR spectrum of
[FeV(O)(5MeBnTPEN)]>** (3-5Me; 5MeBnTPEN = N-benzyl-N-((5-methylpyridin-2-
yl)methyl)-N,N-tris(pyridin-2-ylmethyl)ethane-1,2-diamine) where the B proton signal of
this pyridine disappears when the 5-H atom of this pyridine is replaced with a methyl
group (Figure 2)."® The observed perpendicular orientation of ring ¢ relative to the Fe=0
axis, as suggested by the crystal structure of its iron(ll) precursor
[Fe'(BnTPEN)(NCMe)]?*,*8 provides an easy rationale for the chemical shift differences
observed, but the principle that controls the magnitude and sign of the paramagnetic

shift (Aparamagnetic) remains to be established.
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Figure 2 The 'H-NMR spectra of 3 and 3-5Me in CD3CN at 298 K. Insets show
expanded regions from -4 to 12 ppm. Signals in red indicate those arising from the
subset ¢ pyridine. # = residual solvent.

The shift patterns observed for 3 are corroborated by the 'H-NMR spectrum of
[FeV(O)(Py2MeTACN)]?* (4; Py2MeTACN = 1-methyl-4,7-bis(pyridin-2-ylmethyl)-1,4,7-
triazonane), which was reported by Costas and co-workers.*® This complex has two

pyridine donors, one parallel to the Fe=0O unit and the other perpendicular to it. The

12



shifts observed for the B, B' and y protons on the pyridine parallel to the Fe=0 unit are
similar to those found for subset a in 1 and 3, while the shifts for the protons on the
perpendicular pyridine correspond to values found for the corresponding perpendicular
pyridine in 3 (Table 1).

Complexes 5 and 6

The 'H-NMR spectrum of yet another [Fe'V(O)(N5)]** complex provides additional
information that sheds light on what structural features may dictate the differences in
chemical shifts observed. This complex, namely [Fe'V(O)(Py5Me2)]?* (5; Py5Me2 = 2,6-
bis(1,1-bis(2-pyridyl)ethyl)-pyridine), was first described by Chang and co-workers?® and
has a pentadentate N5 ligand with four pyridine rings connected to a common pyridine
ring that is bound trans to the Fe=0O unit (see below for a discussion of its crystal
structure). The four pyridines are bound in the equatorial plane relative to the Fe=0 unit
and are equivalent to each other by virtue of the effective C2v symmetry of the complex.
As a result, only one set of pyridyl B and ' proton signals is observed at 27 and -12
ppm, chemical shift values that are close to but smaller than those found for the pyridine
B and B' protons in subset b of 1 (Figure 3). While the assignments of these signals to
pyridine B and ' protons are not in doubt, a rationale for the range of shifts observed for

complexes 1 — 6 is desirable.
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Figure 3 "H-NMR spectra of 1 (top), 5 (middle) and 3 (bottom) in CD3CN at 298 K. The
equatorial B proton signals in orientation a, b and ¢ are highlighted in red. # = residual
solvent, overlapped with methyl group in the "H-NMR spectrum of 5.

In addition, there is a fifth pyridine in 5 that is bound trans to the oxo ligand. Its distinct
coordination mode gives rise to quite a different shift pattern, with the B proton signals
only slightly downfield shifted to 10 ppm that corresponds to a Aparamagnetic value of only 3
ppm. On the other hand, the y proton signal shifts upfield to =11 ppm, or a Aparamagnetic
value of about =18 ppm, which is quite large relative to the y proton signals of the other
complexes (Table 1). A similar shift pattern is found for the protons of the pyridine
bound trans to the oxo moiety in [Fe'V(O)(TMC-py)]** (6; TMC-py = 1-(pyridyl-2-methyl)-
4,8,11-trimethyl-1,4,8,11-tetrazacyclotetradecane),?’ for which the B proton signals are
found at 7 and 11 ppm, an average of 9 ppm (or a Aparamagnetic Of only 2 ppm) and the y
proton signal shifted upfield to -5 ppm (Aparamagnetic = =12 ppm) (Figure 4). However, the

"TH-NMR spectrum of 6 has additional peaks that need assignment.
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Figure 4 '"H-NMR spectra of [Fe'V(O)(TMC)(NCMe)]?* (top), [Fe'V(O)(TMC-py)]** (6)
(middle) and [Fe'V(O)(TMC-dma)J?* (bottom) in CD3CN at 298 K. Peaks associated with
the oxidant are designated by *. See Sl for full spectra. # = residual solvent.

The non-pyridine-based peaks of 6 can be assigned by comparison with the "H-NMR
spectra of the more symmetric parent complex [Fe'V(O)(TMC)(NCMe)J** and the less
symmetric but fully assigned complex [Fe'V(O)(TMC-dma)]?** (where TMC-dma = N,N-
dimethyl-2-(4,8,11-trimethyl-1,4,8,11-tetraazacyclotetradecan-1-yl)acetamide).'?

[Fe'V(O)TMC)(NCMe)]?* contains only methylene and methyl protons and, due to its
C2v symmetry, exhibits relatively distinct resonances that are easily distinguished from
each other based on their relative intensities.'® In addition, the "H-NMR spectral pattern

associated with [Fe'V(O)(TMC-dma)]?** somewhat resembles that of 6.
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Table 1 "H-NMR chemical shifts observed for pyridine B and y protons of oxoiron(IV)
complexes. Available DFT-calculated values are listed in parentheses, and unpaired
spin density values in atomic units x 104 are shown in square brackets.

T
Fe(0), L = (K) Ba, Bo or Be B'a, B or fc Ya; Yb OF Ye
Ba 44 (48) [2.5], B2 -17 (-18) [-1.6], V= 9.5 (9.0) [0.0],
15
N4Py (1) 298 | 5, 30(33) [1.5] B =11 (-12) [-1.2] Vb 8.3 (8.9) [0.0]
(5-MelNaPy | o 5Me: 4.2, B'a—17.6, Y2 10.6,
(1-5Me) B 30 B -10.3 Vb 8.7
(6-Me)N4Py? Bo 25 Ba-12.4,
(1-6Me)*s 298 B -12.4 V2106
(6'-Me)2N4Py* Ba 44 B'a-17.2,
(1-6 Mo 298 5 -85 V=10.3
(6-ArF2)2-N4Py# B2 48
(1-6ArF)e | 23
N2Py2B (2-B)*2 | 298 Bo 34 B 96 Vo 8.6
N2Py2Q (2-Q)" | 298 Bo 26 B —11.7
Ba43 (47) [2.4], B'a-15.3 (-18) [-1.6], Ya 10.6 (9.2) [0.0],
BnTPEN (3)'5 | 298 | Ba40 (42) [2.1], | Ba-14.7 (15)[-1.5], | va 10.0 (9.2)[0.0],
Bo-0.3 (-3.7)[-0.7] | PB'c-1.5(-2.7) [-0.6] Ve 8.4 (13.7) [0.3]
Ba 43.6, B'a-15, Ya 10.6,
5 '\(": :;;I‘Z;’EN 298 Bar 40, B'a -15.5, ya 10,
5Me: 2.6 B'c -1.2 Ye 8.2
Py:MeTACN [, Ba 46, B 13, V2 13.3,
(4)%9 Be-1.4 B.=15 Ve 11.2
Bo27 (27.9)[1.3, | PBo—12 (-15) [-1.4], Vo 3.5 (3.0) [-0.3],
Py5M 2
y5 ©2 (5) 9% Btrans 9.7 (78) [OO] B'trans 9.7 (78) [00] Ytrans—1 1.1 (—72) [1 O]
TMC-py (6)27 298 Btrans or B'trans 10.6 or 6.5 Ytrans -4.6

All a-H proton signals assigned are based on DFT, except for complex 5, which is found at -38 ppm.

¥ We reassigned some resonances reported for 1-6Me and 1-6'Me in ref. 46 based on a comparison with
the resonances and linewidths observed in 1 and 1-5Me.

# The 'H-NMR spectrum of 1-6'ArF2 was reported in ref. 16, but the signals were not specifically
assigned. We have assigned the Ba proton to the 48-ppm peak, because it has a chemical shift and
linewidth similar to the corresponding protons of 1.
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DFT Calculations of Experimentally Observed 'H-NMR Chemical Shifts

To further aid in the assignments of the "H-NMR features of the oxoiron(IV) complexes
in this study, we have applied the DFT approach adopted by Borgogno et al.®> to
calculate (see Sl for details) the paramagnetic shifts of the protons in 1, 3 and 5. As
illustrated in Figure 5 and Tables 1 and S3-S5, the calculated 'H-NMR shifts nicely
reproduce our experimental observations. For example, in the case of 1, the large
downfield shifts of the B protons from two different pyridines are reproduced well, as are
the smaller upfield shifts of the corresponding B’ protons. Also predicted well are the
respective downfield and upfield shifts for the B and B’ protons on the four pyridines
parallel to the Fe=0O unit in 5, which are similar to those in subset b pyridines in 1. On
the other hand, the "H-NMR properties of the protons on the pyridine bound trans to the
oxo atom in 5 are quite different. In this case, the B protons are hardly shifted,
compared to the value of the free ligand, while the y proton is found at -11 ppm,
corresponding to a Aparamagnetic Value of -18 ppm, a shift pattern also predicted by DFT.
The "H-NMR properties of 3 serve as a third example. In this case, the protons on the
two pyridines parallel to the Fe=0O unit behave like subset a pyridines in 1 and predicted
to behave accordingly by DFT. The third pyridine is oriented such that its plane is
approximately perpendicular to the Fe=0O unit. For this geometry, the B protons are
shifted upfield while the y proton is shifted downfield, a pattern predicted by DFT as

well.

We note that our calculations do not consider the pseudo-contact contribution to the
hyperfine shift. Given the relatively good agreement between experimental data and
DFT predictions, the pseudo-contact contributions are likely to be small when compared
with the contact contributions. The small discrepancies between calculated and
experimental shifts presented in Table 1 or Figure 5 may originate from this
approximation. Overall, however, there is good agreement between experiment and

theory.
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predicted by DFT (red).

Correlation of the TH-NMR shifts with structure

We have obtained crystal structures of 1-5Me and 5 (Figure 6) to complement the
structural data already available for 1 and 6'" 'S and discern their relationships with
chemical shifts. Unsurprisingly, 1-5Me and 1 share similarities in their bond metrics and
angles. Complex 1-5Me shows an Fe=0 bond length of 1.654(2) A, which is essentially
characteristic of oxoiron(IV) complexes. The amine trans to the oxo ligand has an Fe—N
bond length of 2.042(3) A and, as in 1, it is the longest metal-ligand bond in the
molecule. The iron center in the nearly collinear O=Fe—Namine unit subtends an angle of
178.2(1)°, similar to that found in 1 (Table 2). The equatorial pyridines a and b in 1-5Me
have Fe—N bond lengths of 1.946(2) A and 1.964(2) A, respectively, that are identical to

the ones found in 1, but with a smaller uncertainty. Overall, the pyridine subset b in 1
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and 1-5Me gives rise to respective torsion angles of 21.1(7)° and 30.4(2)° with the
oxoiron(IV) unit. These values are larger than those for the pyridines in set a, which

have respective angles of 13.9(5)° and 6.8(2)° with the oxoiron(IV) unit (Scheme 2).

Figure 6 Crystal structures of 1-56Me (top) and 5 (bottom), shown using ORTEP plots
with thermal ellipsoids set at 50% probability for 1-5Me and 70% probability for 5.
Counterions, solvent and hydrogen atoms removed for clarity. See Supporting
Information for more crystallographic details.

Complex 5 also shows a nearly linear O=Fe—Npyridine axis with its iron center having an
almost straight angle of 179.8(1)°. The approximately Ca-symmetric solid-state
structure has equatorial pyridines that can be all classified into the subset b. These
pyridines have torsion angles of 28.6(2)°, 29.5(2)°, 43.9(2) ° and 44.2(2)° relative to the
oxoiron(lV) unit, and have Fe—N bond lengths ranging between 2.003(2) to 2.007(2) A.
Its Fe=O bond length is 1.656(2) A. The pyridine trans to the oxoiron(IV) unit in 5 has a
longer bond at 2.070(3) A than its equatorial counterparts, but it is comparable to that in
6 (2.118(3) A), which can be attributed to the trans effect of the oxo ligand.
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Table 2 Bond metrics for complexes examined in this work.

bond metrics 1 1-5Me | 1-6Me | 1-6°'Me | 1-6'ArF: 2-B 2-Q 3 4 5 6
r(Fe=0), A 1.639(5) | 1.654(2) 1.6600(16) | 1.656(4) | 1.677(4) 1.656(2) | 1.667(4)
r(Fe—Neg), A 1.946(2) 1.9730(18) | 1.950(5) | 2.073(4) 2.003(2) | 2.103(6)
r(Fe—Neg), A 1-9496) 1.9771(18) | 1.954(5) | 2.067(2) 2.003(2) | 2.100(5)
r(Fe—N'aq),* A 1.964(5) | 1.964(2) 2.0269(17) | 1.995(5) | 2.023(4) 2.006(2) | 2.054(4)
r(Fe—N'eq),* A 2.0408(17) | 1.983(5) | 2.022(4) 2.007(2) | 2.075(6)
r(Fe—Nax), A 2.033(8) | 2.042(3) 2.0511(17) | 2.115(6) | 2.084(4) 2.070(3) | 2.118(3)
rav(Fe=N), A 1.972 1.973 2.014 1.999 | 2053 2.018 2.090
£(0=Fe~Na), ° 179.4(3) | 178.2(1) 177.40(8) | 177.0(2) | 170.5(2) 179.8(1) | 169.8(2)
Torsion angles,* 13.9(5) 6.8(2) 14.3(4), | 11.8(1), 6.1(2), ]l Ir
£(O=Fe~-Np,~Ca), ° 19.7(4) | 16.41) | 13.6(2) 6. 7/{4) 1131(;((22)) ;ggg;
21.1(7) | 30.4(2) | 33.24), | 29.01), | 235(@2), | 25.4(2), | 29.34), | 16-1(4) + 44.2(2),
«(0=FeNp~Ca).” 33.8(4) | 281(1) | 273@2) | 2622) | 302(4) | L | 100.8(2), | 29.5(2)
91.4(4) | 102.7(2)
reference % this work 50 46-47 16 7 7 48 this work "

*For the N4Py-based complexes, the prime designation refers to the modified pyridines connected via the methine carbon

atom.

#Crystal structures for 1-6Me, 1-6'Me, 3, and 4 have not been reported, so no bond metrics are listed for these complexes,
except for the torsion angles, which are obtained from thecorresponding iron(ll) structures. The crystal structure of the

iron(Il) precursor for complex 4 has two molecules in the asymmetric unit cell, so both the angles are listed.

20




When the accumulated 'H-NMR data on nonheme oxoiron(IV) complexes presented
here are assessed as a whole, a pattern emerges. Complexes 1, 1-5Me, 1-6'Me, 1-
6'ArF2, 3 and 4 have 2-picolyl groups that are mostly classified as subset a with [3-
pyridyl protons that are downfield shifted to 40-50 ppm. On the other hand, the pyridines
represented by subset b are linked to the rest of the polydentate ligand framework via a
methine carbon atom, as found in 1, 1-5Me, 2-Q, 2-B and 5, and exhibit smaller
downfield shifts for the B-pyridyl protons of = 30 ppm. Yet a third subset designated as ¢
consists of B-pyridyl protons with small upfield shifts. A look at the crystallographic data
of oxoiron(lV) complexes suggests that these distinct sets of equatorially bound
pyridines are oriented differently relative to the oxoiron(lV) unit, and the torsion angles
for the four pyridines in subset b relative to the Fe=0O unit (20°-45°) are larger than
those of the pyridines in subset a (0°-14°). In the case of 5, its crystal structure shows
four different torsion angles for the equatorially bound pyridines that would classify them
under subset b, but its "TH-NMR spectrum in CD3CN shows only one signal for this set of
pyridines, indicating that they are effectively equivalent in solution, presumably because
they have sufficient flexibility in solution to average out its torsion angles. Complexes 3
and 4 each have a pyridine ligand that belongs to subset ¢, which corresponds to a
pyridine arm that is likely approximately perpendicular to the oxoiron(lV) unit. This
pyridine also exhibits the smallest paramagnetic shifts for its protons relative to the

other pyridines.

This collected information is useful because a significant number of synthetic tetragonal
oxoiron(IV) complexes reported thus far contain a pyridine heterocycle, and our analysis
of these complexes highlights the three ways for this heterocycle to be oriented when
bound cis to the Fe'V=0 unit (Scheme 2). In addition, there are oxoiron(lV) complexes
with a pyridine bound trans to the Fe=0 unit, either eclipsed with or staggered between

the equatorial ligands, and these are also included in Scheme 2.
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Scheme 2 Comparison of the different orientations of pyridines relative to the
oxoiron(IV) center in the complexes discussed in the study.

When the structural and solution-state data for these complexes are examined together,
a remarkable dependence of the chemical shifts with pyridine torsion angles emerges.
The paramagnetic shifts of the pyridine 3 and B’ protons become smaller as the torsion
angles increase. When the chemical shifts of the B protons in our collection of
oxoiron(lV) complexes are plotted against the torsion angles, a reasonably linear
correlation can be obtained. The torsion angle of pyridine ¢ in complex 3 with the
oxoiron(lV) unit can be deduced from the crystal structure of the low-spin iron(ll)
complex [Fe'(BnTPEN)(NCMe)J?*,48 which shows this pyridine to be almost orthogonal
to the Fe—-NCMe axis at 91.4(4)°. Its 3 proton is observed at —0.3 ppm, while pyridines a
and a’ in complex 3 are likely parallel to the oxoiron(lV) unit. In the crystal structure of
the iron(ll) complex bound by acetonitrile, the pyridine @’ has more torsional rotation
than a, a consequence likely arising from steric interactions of pyridine a’ protons with
pyridine ¢.*®¢ This means that the more downfield shifted peak in 3 likely belongs to
pyridine a, because its iron(ll) complex shows a smaller torsion angle relative to the Fe—
NCMe axis.
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The torsion angle of pyridine ¢ in complex 4 with the Fe=0O unit can be deduced from
the crystal structure of its iron(ll) precursor, [Fe'(Py2MeTACN)(NCMe)J?*, where one of
the pyridines has a torsion angle with the Fe—-NCMe that ranges from 100-103° (two
molecules were found in the asymmetric unit cell, see Table 2), and its B-H signal in the
corresponding complex 4 is observed at = 1.5 ppm. Similarly, complex 4 also likely has
a picolyl group aligned roughly parallel to the Fe=0 unit (pyridine subset a), with its p-H
shift at 46.5 ppm. The corresponding iron(ll) complex has torsion angles of this pyridine
with the Fe—-NCMe axis at 12-15°.

Figure 7 presents a plot of chemical shifts of the pyridine 8, B' and y-proton shifts versus
torsion angles. It is clear that the 3 protons span the largest range of chemical shifts that
are well correlated with torsion angle. A similar relationship is observed for the B’
protons, but the slope is not as steep. In contrast, the y protons, with one exception, are
not affected much by a change of torsion angle. Further work is needed to provide a

fundamental rationale for the data presented in this figure.

Considering that all of these S = 1 tetragonal oxoiron(lV) complexes have similar
electronic configurations in which the unpaired electrons are located on the dxz and dy:
orbitals, the dramatic differences in "H-NMR chemical shifts for the pyridine ring protons
are controlled by the torsion angles between the Fe'V=0 unit and the pyridine plane.
Figure 7 shows that there is a linear correlation between the chemical shift of B-H’s and
the torsion angle. The paramagnetic shifts appear to depend mainly on the torsion
angles of the pyridines with the Fe=0 unit. In contrast, the y-H chemical shifts do not
show such a large dependence on the torsion angle because they are mainly located on
the nodal planes of the dyz and dx: orbitals. These orbitals host more than 90% of the
unpaired spin density in the whole molecule. More generally, this work demonstrates a
method to probe the orientation of chemical bonds and aromatic rings by analyzing the

paramagnetic "H-NMR shifts of the pyridine protons.
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Figure 7 Correlation between pyridyl proton resonances at 298 K and torsion angles of
equatorial pyridines relative to the Fe'V(O) unit or the Fe'-L®" bond. Filled shapes
correspond to angles obtained from crystallographically characterized oxoiron(IV)
complexes 1, 1-5Me, 2-B, 2-Q and 5, while open shapes represent angles obtained
from the crystal structures of iron(ll) precursors of 1-6Me, 1-6’Me, 3 and 4.4648.50 The a,
b, and c labels reflect the different orientations of the pyridines relative to the Fe=0 unit,
as discussed in the text. The solid diamond represents the pyridine a 3-H from 1-6’ArF2
for which the spectrum was obtained at 253 K.'® See Sl for more information.
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